Introduction
Mixing plays an important role in many microfluidic devices. Micro Total Analysis Systems (TAS) or Lab-on-Chip (LOC) devices require this function to be integrated for applications such as medical diagnostics, genetic sequencing, proteomics or drug discovery [1] . Due to the small channel size, laminar flow condition exists in almost all microfluidic devices. In these applications, the Reynolds number representing the ratio between inertial force and friction force is usually smaller than unity. Two different fluids can only mix by molecular diffusion at their interface. The Peclet number representing the ratio between advective transport and diffusive transport is typically more than one thousand in most microfluidic applications. Thus, advective mass transport dominates diffusive mass transport in micro scale [2] . A very long mixing channel would be needed if mixing relies entirely on molecular diffusion. Increasing the interfacial area by chaotic advection or inducing disturbances can decrease the length of the mixing channel tremendously [3] . Inducing disturbances with electric field is relatively easy to implement due to the simple integration of electrodes into a microfluidic device. Oddy et al. used oscillating electro-osmotic flow induced by an AC voltage to improve mixing in a microchannel [4] . Tang et al. switched alternately the electro-osmotic flows to create segments of the fluids to be mixed along the flow direction [5] . In a microfluidic system driven by electroosmosis, instability can be induced by the imbalance between 3 electroosmotic force and electroviscous force. Electroosmotic force is a surface force created at the double layer, while electroviscous force is a body force caused by the charge gradient in the bulk fluid. Instability can therefore induced by a gradient in conductivity [6] , and variation of zeta potential [7, 8] .
Concentration polarization (CP) above a nanoporous membrane or next to a nanochannel creates a space charge inside the CP zone. Under an electric field, this charge creates liquid flow along the surface. The flow velocity generated by this phenomenon can be one or two order of magnitudes larger than the Smoluchowsky's velocity created by the electric double layer [9] . This phenomena is called electroconvection in concentration polarization [10, 11] . More importantly, the direction of the flow induced by electroconvection in CP is not constrained by the direction of the applied electric field. The transversal components of this flow can be used for improved mixing in microchannel.
Rubinstein and Zaltzman investigated this phenomenon above a permselective membrane [10] . The voltage/current curve of a persmelective cation exchange membrane is characterized by three regions: ohmic, limiting and overlimiting regions. Due to the established ion depletion zone, the current remains almost constant at increasing voltage in the limiting region. In the overlimiting region, the current increases with increasing voltage. In this region, the current is fluctuating due to strong vortices generated by electroconvection in CP. Analytical analysis by Zaltzman and Rubinstein [11] showed that the linear velocity of the vortex is proportional to the square of the applied voltage. This relationship was confirmed experimentally by Kim et al. with nanochannels fabricated in silicon [12] . The strong vortices next to the nanochannels were used by Kim et al. to realise a micromixer with mixing index ranging from 0.7 to 0.8 [12] . The liquid in this mixer was driven by electroosmosis. Kuo et al. [13] mixed two electrokinetically driven flows using a nanoporous membrane. The two microchan-nels are separated by the membrane. The liquids to be mixed are transported across the membrane. This work did not used the induced flow near the membrane to mix the liquid. Due to the relatively low electrokinetic flow rate, the Peclet number in the above works [12, 14] with nanochannels is on the order of 100. The low flow rate also makes practical mixing applications not possible. Generally, the use of deterministic nanochannels, which need to fabricated, is not practical for mixing in microscale. Due to the limited number of nanochannels, blockage by particles presents a real problem for practical use of nanochannels for mixing. Fabricated nanochannels can be easily be filled by capillarity and dried by evaporation. After evaporation, the residues of species previously dissolved in the liquid remain in the nanochannels and cause the blockage.
Due to this problem, devices with nanochannels often need to be kept in a wetted state before the experiments, and the experiment can only be carried out once. Nanoporous membrane presents a practical solution for the blockage problem. Due to the unlimited nano pathways in the membrane, blockage at a few places on the membrane would not affect the functionality of the microfluidic device. Devices using nanoporous membranes can be used repeatedly with high reproducibility. Polymer electrolyte membrane fuel cell (PEMFC) is the evidence for the practical use of nanoporous membrane.
In this paper we apply the concept of induced electroosmosis near a nanoporous membrane to a pressure-driven micromixer. The mixer works with Peclet number on the order of 10 3 making high-throughput applications possible. Furthermore, we employed a low-cost and simple technology to take advantage of nanofluidic phenomena without the need of fabricating the nanochannels [15] . The fabrication process reported here can be easily transferred to roll-to-roll lamination technology for mass fabrication.
The mixer design presented in this paper can be numbered up to achieve even higher throughput. The device concept presented here can be used for practical implementa-5 tion of other applications utilizing nanochannels such as sample concentration. Another application of CP is desalination [16] . The device concept presented here can be use for the implementation of a desalination apparatus at a reasonable cost. Following, the design, fabrication, and characterisation of the mixer are presented and discussed. and hence rapidly mix them.
Fabrication Technology
The above concept was implemented in a polymeric device. Polymethylmethacrylate (PMMA) sheets with thicknesses of 0.25 mm and 3 mm were purchased from Good Fellow (Cambridge, UK). The nanoporous Nafion film (NRE-211) was purchased from DuPont (USA). The mixer is assembled by lamination of the five PMMA layers, Figure   ? ? ( With the help of an injection needle, fast hardening cyanoacrylate adhesive (Permabond, PA, USA) was applied onto the cavity to position the membrane and make its borders leak proof. The membrane was placed into the cavity manually. Because the membrane instantly bends when exposed to the glue, two tweezers were used to hold down all four corners. Subsequently, the 3-mm thick bottom layer and the four 0.25-mm thick PMMA layers were bonded in a single thermal bonding process using a hot press (Carver Manual Press 4386). The press consists of two hotplates and a 
where I * i is the actual intensity value of pixel i, I * max and I * min are the maximum and minimum intensity values of the unmixed liquids. The mixing behaviour was observed at cross sections about 0.8 mm upstream and downstream of the nanoporous slit as indicated in Fig. 3(a) . The mixing efficiency η mixing mixing was used to quantify the degree of mixing:
with the mixing index:
wherein N is the number of pixels to be evaluated, I i is the actual normalized grayscale value of pixel i, andĪ = 0.5 is the expected normalized grayscale value for perfect mixing. The mixing index of non mixed streams is evaluated as:
where I min,max can be either 0 or 1. Experiments were carried out for voltages up to 
and Peclet number:
listed in Table 1 equations (5) and (6), U , D h and W are the average velocity, the hydraulic diameter and the width of the mixing channel, respectively. In contrast to all previous works on electroconvection in concentration polarization, we are working with relatively high
Reynolds number and Peclet number. It is to note that the returning flow appears to be fully mixed with a homogenous intensity image, Fig. 3(a) . In fact, because of the high Peclet number, the two streams still flow side by side but overlap in the viewing direction, Fig. 1(a) . The overlapping streams makes the intensity image appear to be homogenous. With increasing voltage, a CP zone develops above the nanoporous membrane connecting the two crossing microchannels. Mixing downstream of the nanoporous membrane is visible, Fig. ? ?
Results and Discussion

(b).
The zone of concentration polarization is located above and around the membrane area. Its shape is affected by the pressure driven flow. As illustrated in Figure 1 Beyond this threshold voltage, the mixing efficiency jumps from that of diffusive mixing to the corresponding level measured down stream (Fig. 4) . To grow against the pressure driven flow, the linear velocity of the vortices should be larger than the pressure-driven velocity. Thus, at the threshold voltage the magnitude of the velocity of the vortices should be the same as that of the pressure-driven hydrodynamic velocity. To confirm this hypothesis, the threshold voltage is plotted against the corresponding flow rate in Figure 6 . Exponential fitting shows that the threshold voltage is almost a square root function of the flow rate. That means indirectly that the linear velocity of the vortices is proportional to the square of the applied voltage. Previous theoretical and experimental works by Rubinstein and Zaltzman [10] as well as Kim et al. [12] led to the same conclusion.
To estimate the error of the measured mixing efficiency, the intensity values for DI water and Rhodamine B solution were measured at the inlets, i.e. before the two streams join. The relative error of the fluorescent solution is approximately twice as high as that of water. The relative error of the mixing efficiency ranges from 5% to 13% depending on the degree of mixing. In no mixing situation of a side-by-side flow, the error is low. In a fully mixed stream every point of the cross section contains fluorescence resulting in a higher error.
Conclusions
This paper reports the fabrication and characterisation of a high-throughput ultrarapid mixer with no movable parts. A simple, fast and low-cost fabrication technology by the micromixer with deterministic nanochannels [14] . In our future works, the mixer design needs to be optimized and characterised. The channel length can be further reduced to decrease the voltage needed for mixing. The electrodes can be placed closer to the nanoporous membrane to reduce the voltage. Our preliminary tests with another nanoporous membrane were successful. In this case, the Nafion membrane was replaced by a track-etched nanoporous polycarbonate membrane. The results show that a device made of a single polymeric material such as polycarbonate is possible. Furthermore, we will apply the same device concept to implement a desalination device which can be fabricated on a large surface and at a low cost using the roll-to-roll lamination technology. 
